Identification and elimination of clutter is necessary for ensuring data quality in radar 16
(with a variety of convective and widespread cases) suggest that the contribution of 30 extrapolation of past observations is not fundamental, and that the volumetric reconstruction 31 is the one that overall adapted the best to the different situations. 32 33
Introduction 34
The production of radar Quantitative Precipitation Estimates (QPE) requires processing the 35 observations to ensure their quality and its conversion into the variable of interest (e.g., 36
precipitation rates near the surface). This processing is done through a chain of algorithms 37 applied to mitigate the sources of uncertainty that affect radar observations: radar 38 miscalibration, beam blockage, ground and sea clutter associated with anomalous 39 propagation, path and radome attenuation, the vertical variability of precipitation combined 40 with the loss of representativeness of radar observations with range, or the variability of the 41 drop size distribution that controls the conversion of the measured variables into precipitation 42 rate [e.g., Corral et al. (2009); Villarini and Krajewski (2009)] . 43
Some of these algorithms involve the reconstruction of the meteorological signal in areas 44
where the signal is lost (e.g., due to total beam blockage, severe path attenuation by heavy 45 rain) or strongly contaminated, for instance, in the areas affected by ground or sea clutter. 46
Identification and reconstruction of clutter-affected areas is often part of the signal processing 47 through the analysis of the Doppler spectrum [e.g., Doviak and Zrnic (1993) ]. However, this 48 approach is known to have some limitations (i) to distinguish precipitation from clutter in the 49 areas with Doppler velocities near zero, and (ii) to reconstruct the precipitation signal. As a 50 result this processing causes, in many cases systematic underestimation of precipitation [e.g., 51
Hubbert et al. (2009); Moiseev and Chandrasekar (2009)]. 52
Alternatively, other clutter elimination approaches are applied to the uncorrected moment data 53 (typically, reflectivity) . This requires first identifying clutter areas, through the analysis of 54 statistical properties of radar measurements based on decision trees or fuzzy logic concepts 55 [e.g., Steiner and Smith (2002) ; Berenguer et al. (2006) ; Gourley et al. (2007) and references 56 therein]. Secondly, the reconstruction of the meteorological signal is done by either horizontal 57 9 meteorological echoes have been identified with the technique of Berenguer et al. (2006) . It is 157 based on a fuzzy-logic classifier that discriminates non-meteorological echoes from weather 158 echoes using a number of statistical features that characterize the properties of ground and sea 159 clutter. Finally, the reflectivity in clutter-contaminated areas has been reconstructed with the 160 method presented in Section 2. 161 Also, the rainfall records obtained with the raingauges available over the area (see Fig. 1 ) 162 have been used as reference in the evaluation. 163
Evaluation 164
We have applied the six formulations presented in section 2.2 to reconstruct clutter-165 contaminated reflectivity over the volume scans collected for the 24 rainfall events of Table 1 . 166
The evaluation of their performance requires a reference. However, a direct reference is not 167 available in the areas where the reflectivity field is contaminated by clutter. Here, we have 168 assessed the quality of the reconstructed estimates: (i) by implementing the techniques over a 169 clutter-free area where the originally observed values can be used as reference, and (ii) by 170 comparing radar rainfall estimates with the observations of a raingauge network over the real 171 clutter-contaminated areas. 172 Also, the performance of the proposed method has been compared with that of the technique 173 by SSDZ2001 (see section 1), which is currently implemented in the operational radar QPE 174 chain EHIMI (Corral et al., 2009) . 175
Reconstruction over clutter-free areas 176
We have evaluated the reconstructed values by comparison with real radar observations over 177 clutter-free areas [similarly as done by Sánchez-Diezma et al. (2001) ]. Figure 1 shows the10 observed clutter map in mean propagation conditions and the clutter-free areas where this 179 analysis has been performed (violet shading). The latter has been chosen to have the same 180 structure as the observed clutter map, but has been rotated to guarantee that the reference 181 value is available (i.e., the original data in these locations are not contaminated by clutter). 182
The evaluation has been done in terms of event rainfall accumulations. These have been 183 obtained using a Marshall and Palmer (1948) Z-R relationship. Note that using this Z-R is a 184 simplification aiming at analyzing the results of the clutter reconstruction in rainfall units 185
[i.e., the impact of the Z-R variability and its relationship with the type of precipitation are 186 neglected (e.g., Sempere-Torres et al., 1998)] . 187
The results are first illustrated for two characteristic events (a typical widespread situation and 188 a strong convective case, respectively events #20 and #21 in and produced a rather uniform accumulation field (indicated by the low coefficient of 193 variation) with a maximum raingauge value of 21.6 mm (see Table 1 and Fig. 2 left) . 194 Table 2 field in the horizontal -this can also be seen in the cross section of Fig. 3) . Consequently, the 200 scatter plots between rainfall accumulations produced from the reference and the 201 reconstructed reflectivity with these methods show a very good agreement (as can be seen in 202 (Table 2) . Interestingly, the best 223 reconstructions of the total accumulation for this event were obtained with the formulations 224 using the previous quality-controlled volume scans (specially NOW and HVN). As shown in 225 (HV and HVN) results in consistently better reconstructions than SSDZ2001, which is based 245 on either using horizontal interpolation or vertical extrapolation based on the identified 246 precipitation type. Between HV and HVN, the latter seems to be less robust in a few cases 247 (e.g., events #3, #5, #19, and #20), which shows that the contribution of time information can 248 be sometimes counterproductive in combination with horizontal and vertical information. 249
Radar-raingauge comparison 250
The comparison between raingauge records and radar rainfall estimates is done in terms of 251 event-accumulated rainfall (G and R, respectively). Radar rainfall accumulations are obtained 252 from the first PPI (0.5º) of the reconstructed volume scans using a uniform Marshall and 253
Palmer ( reconstructed R values behave similarly as those in clutter-free areas. Other than this, we 263 cannot expect the reconstruction methods to improve the R-G scatterplots, because the 264 differences between raingauge observations and radar estimates are explained by a number of 265 other factors (out of the scope of this paper) such as radar calibration errors, radome and path 266 attenuation, the effect of not considering the vertical profile of reflectivity, the variability of 267 the Z-R relationship, representativeness differences between radar and raingauges, or gauge 268
problems. 269
On the other hand, we have analyzed the impact of the reconstruction techniques on (a) the 270 conditional probability of 10-minute radar accumulations to exceed 0.1 mm given that the 271 collocated raingauge measures rainfall (P(Z ≥ 0.1 mm | R ≥ 0.1 mm), i.e., the probability of 272 rainfall detection, POD), and (b) the conditional probability of the radar estimating some 273 14 rainfall when raingauges measure no rainfall (P(Z > 0.l mm | R = 0 mm), i.e., the probability 274 of false detection, POFD). Similarly to Berenguer et al. (2006), we have plotted the 275 dependence of these scores as a function of range. In general, the POD tends to decrease with 276 range due to the effect of beam overshooting in shallow precipitation, path attenuation, and 277 the fact that the radar sampling volume becomes bigger with range. Similarly as shown in Section 4.1.1, the use of the reflectivity measurements from PPIs aloft 286 to reconstruct clutter-contaminated reflectivity measurements in the first PPI (VERT) results 287 in increased scatter compared to HOR and NOW (for the latter two, the grey squares fall 288 within the cloud of black dots). Similar behavior is obtained with the formulations that 289 include horizontal interpolation (SSDZ2001, HV, HN, and HVN), which results in the scores 290 summarized in Table 3 ( 
top). 291
The values of POD for HOR, NOW, and VERT (Fig. 8 left) are very close to 1.0 at near range 292 while those of POFD (Fig. 8 right) are around 0.2. However, VERT systematically 293 underdetects the occurrence of precipitation observed at ranges beyond 70 km (at these ranges 294 both the POD and the POFD for the grey squares are systematically lower than for the black 295 dots), due to the fact that the reconstruction uses observations extrapolated from the snow 296 region and even above precipitation. It is also worth highlighting the poor POD values at two 297 15 raingauge locations by NOW. These two raingauges are located in the middle of a large 298 ground clutter area on the north part of the domain, where the radar is scanning in the snow 299 layers (more prone to underdetection), and where the apparent motion is slow. These factors 300 result in that the reconstructed values are obtained by extrapolation from points where NOW 301 was already applied in the previous quality-controlled scan. Because of this, NOW uses data 302 extrapolated from around the clutter area that were actually recorded several time steps 303 before. As expected for a widespread case, the POD and POFD graphs for HV, HN, HVN and 304 SSDZ2001 (not shown) are very similar to those shown for HOR (Fig. 8 top) . 305
Convective case: 02 September 2004 306
The scatter plots between radar estimates and raingauges observations are presented in Fig. 9 . 307
In general, the radar-raingauge comparisons at the clutter-free locations (black dots) agree 308 well. For the reconstructed locations (light grey squares), HOR systematically underestimates 309 raingauge accumulations and performs worse than VERT and NOW (consistently with the 310 results seen in Section 4.1.2). The dependence of POD with range ( Fig. 10) shows more 311 variability than that for the widespread event and is not clearly affected by the poor 312 performance of HOR. Instead, it produces a larger number of false detections (higher POFD). 313
On the other hand, the radar-raingauge plots for VERT and NOW are very similar and show 314 less biased accumulations than HOR (Fig. 9) . However, in terms of the POD and POFD (Fig.  315 10), the reconstruction obtained with NOW is clearly worse than VERT within the first 50 316 km: The bottom panels of Fig. 10 show that in these ranges, NOW underdetected rain and 317 produced too many false detections (for some raingauges, POFD is over 0.4). We attribute 318 this result to the fast evolution of the rainfall systems near the radar (including initiation and 319 dissipation of small convective cells), which is not accounted for by the extrapolation of the 320 rainfall from the previous time step. This factor affects the POD and POFD, where the 321 16 analysis is done in terms of 10-minutes accumulations, while it has a less important effect in 322 terms of total event accumulations (as shown in Figs. 5 and 9) because misses and false 323 detections seem to compensate. 324
The bottom part of Table 3 formulations (similar as Fig. 6 for the analysis of the reconstruction over clutter-free areas). 335
The graphs show that for some events VERT and NOW clearly perform worse than the rest, 336 and, to a lesser extent, the same happens with HOR (for instance in event #5). Besides this, 337 very similar scores are obtained for most of the methods that combine different sources of 338 information. However, this does not necessarily imply that the different methods perform 339 similarly. As we have pointed out at the beginning of section 4.2, the interpretation of R-G 340 scores is not straightforward and needs to be done considering (i) that the scores have been 341 computed using all raingauges (in both clutter-free and clutter-affected areas) which in 342 general reduces the differences between methods, and (ii) the effect of the error sources in 343 radar QPE that have not been accounted in this study, which requires analyzing the results 344 event by event (similarly as done in Sections 4.2.1 and 4.2.2). These analyses (not shown 345 here) confirm the results presented for the two cases above and in Section 4.1.3: the combined 346 use of horizontal and vertical information results in improved reconstructed accumulations, 347 while the contribution of the information from the previous volume scan is not found 348 significant. 349
Conclusion 350
In this study we have proposed and tested 6 different formulations of a method to reconstruct 351 radar reflectivity in the areas affected by ground clutter. The proposed formulations 352 interpolate clutter-free observations within the first PPI (horizontal interpolation), from the 353 PPIs above (extrapolation in the vertical), and/or from the previous volume scan 354
(extrapolation in time using a nowcasting technique). The interpolation is done in the 355
Ordinary Kriging framework, which is based on the structural analysis of the field (in space 356 and time) to determine the weights to be given to the available clutter-free observations. The 357 structure of the field is characterized through the multi-dimensional sample semivariogram, 358 which is estimated within the vicinity of each area to be reconstructed. 359
The evaluation of the proposed techniques has been done over 24 rainfall events in the area of 360 Barcelona (NE of Spain). The reconstruction methods have been first applied over a clutter-361 free area (mostly over the sea). This allowed us to use the original observations as reference. 362
However, it is worth pointing out that systematic differences in the space-time structure of 363 precipitation over the sea and land could slightly bias the validity of the results. The second 364 part of the evaluation has been performed over the actually clutter-contaminated areas using 365 raingauge observations as reference. 366
Our results show the strengths and weaknesses of horizontal and vertical information for the 367 reconstruction of the reflectivity fields: 368
Horizontal interpolation shows its best performance in widespread precipitation, while 369 it fails at handling the high horizontal variability of convective situations; 370
Vertical extrapolation is useful in situations with deep convection, but is not a good 371 solution in widespread rain, due to the larger variability of the radar fields in the 372 vertical: it results in overestimation when the first clutter-free PPI is affected by the 373 bright band, or underestimation when it is in the snow level or above. It is worth 374 pointing out that these systematic errors in stratiform rain could be partially mitigated 375 We have also implemented a nowcasting technique (NOW) to reconstruct reflectivity fields 380 by extrapolation of the previous quality-controlled volume scan. On average, this approach 381 has been found to be systematically not as good as horizontal interpolation alone. This is in 382 part due to the fact that sometimes NOW uses reflectivitiy estimates that were already 383 reconstructed in the previous time step (because the original observations were affected by 384 clutter contamination). This significantly affects the quality of the reconstruction over large 385 clutter areas. Also, time extrapolation might result in misses and false detections in cases with 386 fast-evolving small-scale convection. 387
The adaptive interpolation of horizontal and vertical observations (HV) consistently improves 388 the reconstruction of the reflectivity field thanks to the weight assigned to the available 389 observations through the structural analysis of the field. Overall, the benefit of including 390 information from the previous volume scan (extrapolation in time) in the interpolation is not 391 systematically evident: HN is in general outperformed by HV, while the results obtained with 392 HVN are usually very similar to those of HV. 393
In conclusion, among the analyzed formulations, our recommendation for the reconstruction 394 of reflectivity volume scans is to use HV because it produced the most robust results (with no 395 outliers) and is computationally cheaper than HVN. Wesson and Pegram (2006) proposed a 396 method similar to HV, also based on a kriging approach. The main difference from HV is in 397 the representation of the field variability. They first apply a pre-classification of the type of 398 precipitation, and then they use average parametric and isotropic semi-variograms adapted to 399 each precipitation type. 400
Finally, the proposed framework is not only useful for the reconstruction of reflectivity fields, 401 but it might also be interesting for other radar variables. In particular, the reconstruction of 402 polarimetric variables will be explored in a forthcoming paper. Table 1 . Summary of the 24 events analyzed in this study. Types "C" and "S" stand for 496
"convective" and "stratiform", respectively. #gauges indicates the number of rain gauges that 497 measured significant rain during the event. Mean and Max stand for the average and 498 maximum rainfall observed or estimated at rain gauge locations. CV is the coefficient of 499 variation of rainfall accumulations at raingauge locations (defined as the ratio between the 500 standard deviation and the mean value; i.e., high CV values indicate significant spatial 501 variability of the accumulated field 
